The PHD/LAP (plant homology domain/leukemia associated protein) finger motif is characteristically defined by a histidine and seven cysteines that are spatially arranged in a C4HC3 consensus sequence. This unique zinc finger, found primarily in a wide variety of chromatinassociated proteins, is considered to mediate protein-protein interactions. We have isolated a novel human PHD-finger protein, HBXAP (for hepatitis B virus x associated protein). HBXAP has three alternatively spliced isoforms. We also identified the Drosophila melanogaster HBXAP ortholog, gene CG8677. Based on alignment of four different proteins, we found a novel conserved domain in HBXAP that we designated the HBXAP conserved domain (XCD). We show that HBXAP represses transcription when recruited to DNA via the DNA binding of GAL4. Furthermore, the PHD finger alone suffices to repress transcription, thus attributing a functional role to this domain. The gene HBXAP is localized to the long arm of human chromosome 11 between q13.4 and q14.1. This region is amplified and rearranged in many tumors, suggesting a role for HBXAP in tumorigenesis similar to that of other PHD-containing proteins.
INTRODUCTION
The organization of transcription factors at a gene promoter integrates different transcription regulatory signals that orchestrate cellular responses such as proliferation, differentiation, and apoptosis. Whereas the general transcription factors (GTFs) regulate the accurate initiation of transcription, proteins that bind gene-specific DNA elements are instrumental in either negatively or positively regulating the rate of transcription. It is becoming apparent that their mode of action is dictated by their ability to recruit cofactors with either activation or repression activity [1] . These cofactors are found in multiprotein complexes that regulate transcription through their ability to coordinate between the gene-specific DNA-binding proteins and the GTFs, and their ability to remodel the chromatin structure. They either use ATP to remodel chromatin structure or covalently modify the aminoterminal tails of the core histones, creating a biochemical code that regulates gene transcription of chromatin templates [2, 3] . These cofactors share evolutionarily conserved domains such as ATPase/helicase domains, bromodomains, and PHD fingers. The ATPase/helicase domain uses ATP to relocate nucleosomes along the DNA [4] . Structural and biochemical studies of three independent bromodomains clearly established a role for this domain in the molecular recognition of the N termini of acetylated histone tails [5] [6] [7] . The role of the PHD finger in these cofactors is yet unknown.
Although the function of the PHD finger remains to be described, naturally occurring single amino acid substitutions in the PHD finger of the ATRX and AIRE1 proteins predispose individuals to ␣-thalassaemia, developmental defects, and autoimmune diseases [8, 9] . PHD-containing proteins are often associated with cancer. Their chromosomal locus is amplified and rearranged in many tumors. It was reported that the two PHD fingers of Mi-2␤ are essential but not sufficient for interaction with histone deacetylase-1 (HDAC1) [10] . The PHD finger together with the bromodomain of KAP-1 represses transcription when artificially recruited to DNA by means of the GAL4 DNA binding domain (GAL4-DBD), where both domains are required for this biological activity [11] .
We have isolated HBXAP, a novel PHD-finger protein, encoded by the gene HBXAP (for hepatitis B virus x associated protein). HBXAP has three alternatively spliced isoforms. The N-terminal sequence of HBXAP is shared by several proteins, therefore establishing a novel domain that we designated the
RESULTS

Cloning of HBXAP Isoforms
The DNA encoding HBXAP (for hepatitis B virus X associated protein-8) was originally isolated from a two-hybrid screen using pX, a protein encoded by the hepatitis B virus, as a bait [12] . Partial HBXAP sequence was used to find identical human EST clones using the BLAST search. EST contigs extended the sequence toward the 3Ј end including the stop codon, but not toward the 5Ј end. We therefore used EST clones (GenBank acc. nos. AA651764 and AA034409) as probes, to screen a human spleen cDNA phage library. Two isolated clones extended the sequence upstream to obtain the full-length HBXAP␥ cDNA. The final 5-kb cDNA nucleotide sequence revealed that the clone contains a 1120-bp 5Ј UTR and an open reading frame of 3567 bp (1189 amino acids). BLAST search of human ESTs revealed two additional splice variants (␣ + ␤). We carried out 5Ј-RACE reactions on poly(A) enriched HeLa cells RNA to confirm the presence of the alternatively spliced HBXAP, but detected only the ␣-isoform. The largest ORF was designated ␣, the middle ␤, and the smallest ␥ (Fig. 1) . The ␤-isoform lacks nucleotides 248-341 (respective to the ATG) of the ␣-isoform. Because the genomic sequence of this region was not released yet, we can only assume that this is likely to be due to an alternative splicing event. The ␥-isoform contains a large 5Ј UTR that is absent from ␣ and ␤. The expression of the different isoforms was further analyzed by RT-PCR reactions using total RNA extracted from HeLa and HepG2 cell lines with a primer common to all three isoforms and a second primer specific to either ␥ (product 439 bp) or ␣ (product 732 bp) and ␤ (product 639 bp) isoforms. The expression of ␣ and ␥, but not ␤, was detected in both cell lines ( Fig. 2A) , suggesting that ␤ is poorly expressed in these cell lines, if at all. The expression of HBXAP RNA was verified also by northern blot analysis. We hybridized RNA from three cell lines 
HBXAP Homology and Protein Motifs
The predicted amino acid sequence of HBXAP contains a PHD finger (Fig. 3A) . The PHD finger is a motif characterized by a histidine and seven cysteines that are spatially arranged in a C4HC3 consensus with intervening sequences of varying length and composition [13] . The HBXAP PHD finger contains all the conserved residues of this motif, and it is highly homologous to those of Mi-2␤, Mi-2␣, and retinoblastoma binding protein-2 (RBBP2). The PHD finger of the Drosophila melanogaster protein CG8677 shows the highest homology, with 62% identity and 66% similarity. This unique zinc-finger-like motif found in nuclear proteins is thought to be involved in chromatin-mediated transcription regulation. HBXAP contains two nuclear localization signals (NLS) and indirect immunostaining revealed that this protein is strictly nuclear (M.S. et al., manuscript submitted).
A second evolutionarily conserved region is present in HBXAP␣ and -␤ proteins, but not -␥, and was designated XCD. The HBXAP conserved domain (CD) is 41% identical and 54% similar to the Drosophila predicted protein CG8677 (Fig. 3B) , and 41% identical and 55% similar to the Onchocerca volvulus OvB8 protein. The OvB8 protein is an antigen expressed by Onchocerca volvulus, the etiologic agent of river blindness. It was identified by screening adult and larval cDNA libraries with antibodies from immune humans and chimpanzees [14] . XCD is also found in a novel human bromodomain protein, CECR2. The CECR2 gene was identified through the sequencing of chromosome 22q11.2, a region linked to cat eye syndrome [15] . Using the TBLASTN search algorithm, we identified ESTs from four different organisms with the capacity to encode XCD.
HBXAP protein contains a tandem repeat with the sequence RGKDISTI (amino acids 1038-1045 and 1049-1056 of HBXAP␣). The Drosophila CG8677 protein contains a single copy of this repeat (amino acids 1597-1604) with 100% identity (Fig. 3C) . BLAST search for conserved domains predicted homology to the patched family. This homology is at low probability (E value = 0.009), and should be cautiously treated.
The homology between HBXAP and Drosophila CG8677 protein is restricted to certain regions that are found in the same order (Fig. 3D) : the XCD at the N terminus of the proteins, the PHD finger, then the RGKDISTI repeat, followed by a basic region and long acidic stretches. Thus CG8677 is likely to be the HBXAP Drosophila ortholog.
The PHD Finger of HBXAP Represses Transcription
To test the role of HBXAP in transcription regulation, it was fused to the GAL4 DNA binding domain (GAL4-DBD) by generating the GAL4-HBXAP chimeric constructs. The expression of the chimeric proteins in the transfected cells was verified by electrophoresis mobility shift assay using the GAL4 binding site (data not shown). Huh-7 cells were transfected with a luciferase reporter plasmid controlled by five copies of the GAL4 binding site and the HSV tk promoter (G5-tk-Luc), together with either GAL4-DBD or GAL4-HBXAP (full-length HBXAP␥; Fig. 4A ). The GAL4-HBXAP represses transcription fivefold relative to GAL4-DBD, suggesting a role for HBXAP␥ in transcription repression. To test the function of HBXAP PHD finger, the chimeric GAL4-HBXAP PHD (HBXAP PHD finger, amino acids 514-702 of ␥-isoform) construct was generated. The GAL4-HBXAP PHD represses transcription about 20-fold relative to GAL4-DBD (Fig. 4A) . The repression activity of the chimeric proteins was further tested in the context of the SV40 promoter reporter (G5-SV40-Luc; Fig. 4B ). Here again both the full-length and the PHD finger of HBXAP repress transcription, although the repression was weaker. The 
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repression activity of the chimeric proteins is not cell type specific and was repeated in Chang liver cells (Fig. 4C) . Thus, the PHD finger of HBXAP has a repression activity once tethered to DNA in a promoter and cell type independent manner.
HBXAP Is Localized at the 11q13.4-q14.1 Region Chromosomal localization of HBXAP was determined by fluorescence in situ hybridization (FISH). Nonrandom distributions were obtained, allowing mapping of HBXAP to the q13.4-q14.1 region of the long arm of chromosome 11 (Figs. 5A and 5B). As the probe detected no other site, it is very likely that a single locus encodes HBXAP. Furthermore, one of the HBXAP EST clones (STS-AA034409) was localized between genomic markers D11S911 and D11S4172, at a region very close to GARP. Recently, HBXAP and the surrounding genes were mapped by NCBI genome map at locus 51773 (Fig. 5C) . However, the complete sequence of this locus was not released. The q13.4-q14.1 chromosomal region was reported to be amplified in several tumors [16, 17] . 
DISCUSSION
The characterization of HBXAP cDNAs suggests that there are at least three alternatively spliced isoforms. The ␤-isoform lacks nucleotides 248-341 (respective to the ATG) of the ␣-isoform, whereas the ␥-isoform contains a large 5Ј UTR that is absent from ␣ and ␤. We detected RNA expression of ␣ and ␥, but not ␤, in HeLa and HepG2 cells. The EST of ␤ was isolated from the same cells that we have tested (HeLa cells), ruling out tissue specificity as the reason for not detecting the ␤-isoform. It might be that we could not detect ␤ because it is a relatively rare transcript. At the protein level, all three isoforms contain the PHD finger and the predicted NLS, whereas only ␣-and ␤-isoforms contain an evolutionarily conserved domain, which we designated XCD. This domain is found in the Drosophila CG8677 protein, the O. volvulus OvB8 protein, and the human CECR2 protein. While CG8677 is the homolog of HBXAP in Drosophila, OvB8 is not a homologous protein and does not contain a PHD finger. The homology between CECR2 to HBXAP, CG8677, and OvB8 is restricted to the XCD. CECR2 does not contain a PHD finger, but contains a bromodomain. Both the PHD finger and bromodomain are shared by nuclear multiprotein complexes involved in transcription regulation. Thus it is very likely that the XCD has a role in context of these complexes.
We found CG8677 to be the HBXAP Drosophila homolog. The homology is restricted to certain regions that are found in the same order in the two proteins. The N terminus of both proteins contains the XCD sequences that are 41% identical and 54% similar. The next shared domain is the PHD finger. The HBXAP PHD finger shows the highest homology to that of CG8677, which are 62% identical and 66% similar. In addition the sequence RGKDISTI is found twice in HBXAP and once in CG8677. The RGKDISTI repeat is followed by a basic region and long acidic stretches found in both proteins. The CG8677 gene was identified by insertion of a P-element vector in a manner that supports forced expression of genes flanking the inserted P-element. Forced abortive expression of the CG8677 gene leads to a developmental lethal phenotype [18] . As HBXAP is the human homolog of CG8677, this suggests an essential role for HBXAP in development.
Although the function of the PHD finger remains to be described, naturally occurring single amino acid substitutions in the PHD finger of the ATRX and AIRE1 proteins predispose individuals to ␣-thalassemia, developmental defects, and autoimmune disease, respectively [8, 9] . This unique zincfinger-like motif found in nuclear proteins is thought to be involved in chromatin-mediated transcription regulation. Kruppel-associated box-containing zinc finger proteins (KRAB-ZFPs) repress transcription via functional interaction with the corepressor KRAB-associated protein-1 (KAP-1). The PHD and bromodomain of KAP-1 form a cooperative unit with silencing activity. KAP-1 mediated silencing requires association with NuRD and HDAC activity [19] . The PHD finger in context with the bromodomain of KAP-1 represses transcription when artificially recruited to DNA via GAL4-DBD, where both domains are required for this biological activity [19] . Replacement of either the PHD finger or the bromodomain of KAP-1 with other related proteins could not restore the repression activity. Mi-2␤, a PHD-finger protein, was also reported to interact with HDAC1, and its two PHD fingers are essential but not sufficient for the interaction [10] . In addition, it was reported that the PHD-like motif in the 
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DNA methyltransferase DNMT3A represses transcription via the recruitment of HDAC-1 [20] . Collectively, it seems that several PHD proteins are active in transcription silencing and that the PHD finger via interaction with HDAC is at least in part responsible for this function. Likewise, when we recruited HBXAP␥ to DNA via GAL4-DBD it repressed transcription. The PHD finger of HBXAP as an independent structural unit has very strong repression activity. However, this repression activity was only partially relieved by the HDACspecific inhibitor (TSA) (Fig. 4B) , suggesting that recruitment of HDAC activity is not the only mechanism of transcription repression.
We have localized HBXAP at the long arm of chromosome 11 between q13.4 and q14.1 using FISH analysis, and further narrowed this genomic locus down between the genomic markers D11S911 and D11S4172. This locus is amplified in 7-10% of mammary tumors [16, 17] , and amplified and rearranged in multiple endocrine neoplasia type I syndrome (MEN1) [21] and B-cell malignancies. PHD-containing proteins in general are often associated with cancer. Their chromosomal locus is amplified and rearranged in many tumors, such as the MOZ PHD protein in leukemia [22, 23] , CBP and ALL-1 in acute myologenous leukemia (AML) [24] , and ALL-1 in acute lymphocytic leukemia [25] . The possibility that HBXAP might be involved in oncogenesis is now under investigation. However, our preliminary data show that HBXAP is amplified in about 7% of mammary tumors. Furthermore, the fact that HBXAP interacts with the X protein of HBV (M.S. et al., manuscript submitted) raises an interesting possibility that the known oncogenic role of X might be HBXAP dependent.
MATERIALS AND METHODS
Plasmids. The initial HBXAP clone was isolated from a two-hybrid screen using pX (the hepatitis B virus regulatory protein) as bait. The obtained sequence was used to find identical EST clones by BLAST search. Using some EST clones (GenBank acc. nos. AA651764 and AA034409) as probes, we screened a human spleen cDNA gt11 phage library (Clontech). Two such clones were inserted into pcDNA3 (Invitrogen) to generate pcDNA3-HBXAP␥ (amino acids 1-814), nucleotides 1-2444 of HBXAP ORF. The full-length HBXAP␥ was generated by ligation of an RT-PCR product (nucleotides 2432-3567) that was cloned into EcoRV+XhoI sites in pCDNA3-HBXAP␥ (1-814). GAL4-HBXAP was generated by cloning of full-length HBXAP␥ SacI+XhoI into pECE-GAL4 [26] . The GAL4-HBXAP PHD was generated by 
